INTRODUCTION {#sec1-1}
============

Hypertensive disorders such as chronic hypertension, gestational hypertension, and pre-eclampsia (PE) complicate approximately 5-7% of all pregnancies,\[[@ref1]\] with PE being dominant, affecting 3-5% of pregnancies.\[[@ref2]\] The diagnosis of PE is made based on the presence of both hypertension and proteinuria after 20 weeks of gestation. Changes that are observed in PE are usually pregnancy-induced and regress after delivery.\[[@ref3]\]

The symptoms of PE not only reflect damage to the uterus, fetus, and placenta, but to the kidneys as well.\[[@ref4]\] Though PE is of unknown etiology, there are risk factors that are associated with the disorder, such as gestational and type 1 diabetes mellitus, obesity, and chronic hypertension.\[[@ref5]\] It has been reported that PE originates in the placenta.\[[@ref6]\] Placental vascular abnormalities associated with PE contribute to fetal intrauterine growth restriction (IUGR). PE is among the leading causes of IUGR and results from the impairment of materno-fetal exchanges. These impairments in materno-fetal exchanges coincide with the onset of PE in the third trimester of pregnancy.\[[@ref7]\]

Nitric oxide (NO), which is generated by the endothelial cells, has been implicated in the pathogenesis of PE. Its production plays an integral role in homeostatic vasodilation and is believed to contribute to the vasodilation of normal pregnancy.\[[@ref8]\] The biosynthesis of NO and cGMP increases during pregnancy in rats.\[[@ref9]\] The plasma level and urinary excretion of cGMP are also increased in human gestation, but the status of the biosynthesis of NO in normal human pregnancy and PE is controversial.\[[@ref10]\]

Choi *et al*. reported that NO production increased during normal pregnancy and decreased in PE.\[[@ref11]\] Seligman *et al*. also showed that there was a decrease in NO production in pre-eclamptic individuals.\[[@ref12]\] In an earlier study, a decrease in amniotic cGMP was found in PE.\[[@ref13]\] cGMP is believed to reflect the overall production of NO, therefore a decrease in cGMP reflects a decrease in NO. However, other investigators reported an increase in NO production in PE.\[[@ref14][@ref15][@ref16]\] It is believed that the increase may be part of a compensatory mechanism to offset the pathological effects of PE.\[[@ref15][@ref16]\]

To get a better understanding of PE, several animal models of the disease have been developed using various compounds to manipulate certain mechanisms. The inhibition of NO synthesis using *N*-nitro-L-arginine methyl ester (L-NAME) is one such mechanism and is used to induce PE in rat models.\[[@ref17]\] The hallmark features of PE, proteinuria, and hypertension are seen in these models on administration of nitric oxide synthase (NOS) inhibitors. It is believed that these models can greatly assist in understanding the pathophysiology of this hypertensive disease. This study investigates the effects of *S*-nitrosothiols (RSNOs) such as *S*-nitroso-*N*-acetylpenicillamine and S-nitrosoglutathione (GSNO) on rats with the classical features of PE induced using L-NAME.

MATERIALS AND METHODS {#sec1-2}
=====================

Animal care {#sec2-1}
-----------

Approval for the use of rats in all experiments was obtained from the UHWI/UWIFMS Ethics Committee (AN5, 2006/2007). The animals were housed in the Department of Basic Medical Sciences at the University of the West Indies, Mona. They were maintained there under the supervision of the attendants. They were fed tap water and LabDiet 5008 Formula Diet *ad libitum*. Each experimental group had 6-10 rats to allow for statistical analysis.

Female Sprague-Dawley rats weighing 200-300 g were housed in the departmental animal house and entrained by a 12 h: 12 h light: Dark cycle. They were acclimatized to laboratory conditions for 2 weeks before being studied. Following acclimatization, they were housed overnight with male Sprague-Dawley rats to facilitate mating. The day prior to co-housing was noted as day 1 of gestation; from then on, the animals were checked weekly for weight gain to confirm pregnancy and their blood pressures monitored as well.

On day 14 (after being mated), the animals were separated into five groups and treated as follows for 7 days: (i) 0.3 mL 0.9% saline (control, *n* = 10), (ii) 50 mg/kg Body Weight (BW) L-NAME in 0.3 mL saline (*n* = 10), (iii) 50 mg/kg BW L-NAME and 8 mg/kg BW GSNO in 0.15 mL saline (*n* = 6), (iv) 50 mg/kg BW L-NAME in 0.15 mL saline and 8 mg/kg BW SNAP in 0.15 mL dimethyl sulfoxide (DMSO; *n* = 9); (v) 0.15 mL DMSO and 0.15 mL saline (SNAP control, *n* = 7).

The animals were treated for 7 days and their blood pressures measured throughout the 7 days of treatment. Animals were kept in metabolic cages for 4 h for urine collection. These samples were taken for each animal on day 20 of gestation for protein analysis. They were sacrificed on day 21 by cardiac puncture. The pups were removed, numbered, and immediately weighed individually.

Blood pressure measurements {#sec2-2}
---------------------------

The blood pressures of the animals were obtained by applying a non-invasive method using the CODA 6 Blood Pressure (BP) System from Total Protein Kit Sigma-Aldrich (Missouri, USA). Blood pressure readings were taken in one set consisting of 25 cycles including 5 acclimation cycles 10 min after the animal was treated. The system automatically eliminated the acclimation cycles as well as any erroneous readings.

The systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean arterial pressure (MAP) of all the animals in each of the five groups (control, L-NAME, GSNO, SNAP, and SNAPC) were measured on days 1, 7, 14, 16, 18, and 20 using the CODA 6 BP system.

Urine and blood analyses {#sec2-3}
------------------------

Each animal was placed separately in metabolic cages for 4 h for urine collection on day 20. This was done in the absence of food or water to avoid contamination by fallen food particles. Also, as blood pressure was measured in the same animals, it was necessary to avoid stress, hence the limited time for urine collection. Urine was collected, dispensed in 2 mL microcentrifuge tubes, centrifuged at 3000 rpm for 10 min, and stored at −20°C until ready for use.

The protein concentration of each urine sample was determined with the Total Protein Kit (Sigma) which uses the micro pyrogallol red method. The assays were done according to the directions given in the kit and the absorbance was measured at 600 nm. The urine samples were analyzed for creatinine concentration at the Chemical Pathology Laboratory at the University Hospital of the West Indies (UHWI). Samples were assayed using the alkaline picrate method which relies on the Jaffe reaction, in which the samples form a yellow/orange color when treated with alkaline picrate.\[[@ref18][@ref19]\] The color intensity (which is proportional to the creatinine concentration of the sample) was measured using the Architect c8000 spectrophotometer at a wavelength of 500 nm. The level of proteinuria was determined by calculating mg protein/mg of creatinine.

Statistical analyses {#sec2-4}
--------------------

Data are presented as the means ± SEM. Blood pressure parameters values were analyzed using one-way analysis of variance, while urine and pup weight values were evaluated using Student\'s *t*-test. *P* \< 0.05 was considered statistically significant in all cases.

RESULTS {#sec1-3}
=======

Animals treated with L-NAME showed sustained elevated SBP from day 14 (168.6 ± 1.32 mmHg) through to day 20 (163.2 ± 1.85 mmHg), which was significantly higher than the other groups (*P* \< 0.05) \[[Figure 1](#F1){ref-type="fig"}\]. Both control groups (animals treated with saline only (control) and animals treated with saline plus DMSO (SNAPC)) had relatively consistent SBP throughout the entire gestation period. Animals that were treated with SNAP and GSNO had significantly lower (*P* \< 0.05) SBP than the other groups from day 14 and day 16 onward (respectively).

![Systolic pressure of the different groups from day 1 through to day 20 of gestation. Significant differences (*P* \< 0.05) are indicated by different symbols on the different gestation days](JNSBM-4-330-g001){#F1}

The DBP of the animals treated with L-NAME showed marked increases post-treatment, which remained elevated through to day 20 \[[Figure 2](#F2){ref-type="fig"}\]. DBP in the L-NAME treated group was significantly (*P* \< 0.05) higher than in the other groups. The controls had fairly consistent DBP throughout the gestation period with slight changes that were not significant. The DBP of the SNAP and GSNO groups were lowered post-treatment and remained low through to day 20. Though the GSNO group showed similarity to both the control groups and the SNAP group on day 14, the latter (80.8 ± 1.96 mmHg) was significantly different (*P* \< 0.05) from both controls (SNAPC: 93.2 ± 1.74 mmHg and control: 90.0 ± 1.38 mmHg) and the L-NAME group (124.0 ± 1.41 mmHg), but similar to the GSNO (87.7 ± 3.01 mmHg) group.

![Diastolic pressure of the different groups from day 1 through to day 20 of gestation. Significant differences (*P* \< 0.05) are indicated by different symbols on the different gestation days](JNSBM-4-330-g002){#F2}

The results observed for MAP of the different animal groups were similar to those of the SBP. The L-NAME group had significant (*P* \< 0.05) sustained elevated pressure from day 14 through to day 20 of gestation (post-treatment) compared with the other groups \[[Figure 3](#F3){ref-type="fig"}\]. The MAP in the control groups remained constant and that of the SNAP and GSNO groups decreased and remained significantly (*P* \< 0.05) low through to day 20.

![Mean arterial pressure (MAP) of the different groups from day 1 through to day 20 of gestation. Significant differences (*P* \< 0.05) are indicated by different symbols on the different gestation days](JNSBM-4-330-g003){#F3}

The L-NAME treated animals showed a significant increase (*P* \< 0.05) in the level of proteinuria (4.9 ± 1.16 mg protein/mg creatinine) compared with the control group (2.3 ± 0.38 mg protein/mg creatinine) \[[Figure 4](#F4){ref-type="fig"}\]. However, both SNAP and GSNO showed an unexpected increase rather than a decrease in proteinuria compared with the controls. The level of proteinuria in the SNAP (8.5 ± 1.79 mg protein/mg creatinine), GSNO (6.5 ± 2.46 mg protein/mg creatinine), and L-NAME (4.9 ± 1.16 mg protein/mg creatinine) groups was all significantly higher (*P* \< 0.05) than that of the control groups (2.3 ± 0.38 mg protein/mg creatinine and SNAPC, 3.3 ± 0.41 mg protein/mg creatinine).

![Urinary protein levels (mg protein/mg creatinine) of the different groups. Significant differences (*P* \< 0.05) are indicated by different letters](JNSBM-4-330-g004){#F4}

Pup weight is a measure of growth retardation which is associated with PE. The reversal of growth retardation was observed in both the SNAP and GSNO groups \[[Figure 5](#F5){ref-type="fig"}\]. Both of these groups (GSNO, 4.1 ± 0.08 g and SNAP, 3.9 ± 0.08 g) weighed significantly lower (*P* \< 0.05) compared with the control group (4.9 ± 0.07 g), but were significantly higher in weight than the L-NAME group (3.4 ± 0.10 g). The SNAP group did not show any significant difference compared with the SNAPC group (4.2 ± 0.08 g).

![Average pup weight (g) of each rat group. Significant differences (*P* \< 0.05) are indicated by different letters](JNSBM-4-330-g005){#F5}

DISCUSSION {#sec1-4}
==========

In this study, the blood pressure measurements remained fairly constant throughout gestation in the control groups, but increased in the L-NAME group and decreased in the GSNO and SNAP groups in the third week. Since the gestation period for Sprague-Dawley rats on average is 3 weeks (21 days), the experiment was designed to mirror the condition in humans. PE occurs in the third trimester or after 20 weeks of gestation in humans, hence the time of induction in the rat model was day 14, which is the beginning of the third week. Hypertension (one of the hallmark characteristics of PE) was successfully induced by L-NAME and reversed using SNAP and GSNO. In Sprague-Dawley rats, BPs greater than 129/91 mmHg are considered high. Proteinuria and the associated IUGR were also observed in the induced models.

L-NAME has been used with much success to induce PE-like symptoms in pregnant rats. Whether administered orally or intravenously, the effects are similar: Elevated blood pressure, proteinuria, and growth retardation.\[[@ref20][@ref21]\] L-NAME is an analog of l-arginine which competes at the active site of NOS, resulting in a reduction in the synthesis of NO, which subsequently leads to elevated blood pressures.\[[@ref22]\] The increase in SBP, DBP, and MAP on the first day of administration reflects the potent inhibitory action of L-NAME in reducing the production of NO. Though the values fluctuated over the course of treatment, elevated blood pressure measurements were sustained over the 7-day period (days 14-20). On the contrary, both SNAP and GSNO lowered blood pressures through the release of the potent vasodilator, NO. The process of lowering blood pressure first involves the activation of the enzyme guanylate cyclase by the released NO. This subsequently leads to the generation of cGMP. Increased levels of cGMP lead to vascular smooth muscle relaxation via a decrease in calcium release from intracellular stores. The blood pressure is lowered as a result of decreased peripheral arterial vascular resistance.\[[@ref23]\]

Both SNAP and GSNO ultimately lowered blood pressure to a similar extent; however, the blood pressure measurements (SBP, DBP, and MAP) of the animals that were treated with SNAP were lower than those treated with GSNO, at the time of initial administration of both drugs (day 14). When compared with controls, blood pressure measurements of the animals treated with SNAP were significantly lower (*P* ≤ 0.05) from the initial point of administration (day 14) onward. Significant lowering in blood pressure measurements in the GSNO group was not observed at this time, but rather from day 16 onward (*P* ≤ 0.05), implying that SNAP has a more rapid onset of action than GSNO. The rapid onset of action of SNAP has been confirmed in previous studies done by Mathews and Kerr in 1993, which showed that GSNO was more stable and had a longer half-life (159 h) than SNAP (1.15 h).\[[@ref24]\] NO is released faster from SNAP as it is less stable than GSNO; therefore, SNAP would act faster than GSNO in lowering the blood pressure.

The potency of SNAP and GSNO in lowering BP was demonstrated even in the presence of L-NAME. At a dose of 8 mg/kg BW, both SNAP and GSNO were very efficient in lowering blood pressures with L-NAME at a higher dosage of 50 mg/kg BW being co-administered. L-NAME on its own increased SBP, DBP, and MAP significantly, but when co-administered with each of the RSNOs, its effects were countered significantly in all three blood pressure measurements. These findings support previously reported data of the hypotensive nature of GSNO and SNAP.\[[@ref25]\]

Elevated levels of urinary protein indicate kidney dysfunction. Treatment with GSNO and SNAP caused a further increase in proteinuria compared with the L-NAME group, but this was not significant. Studies have shown that L-NAME causes kidney damage,\[[@ref26][@ref27]\] hence the high levels in the L-NAME group, but there is no report saying that RSNOs cause kidney damage. As both GSNO and SNAP were co- administered with L-NAME separately (SNAP + L-NAME and GSNO + L-NAME), it is not clear which compound could have caused possible irreversible damage to the kidneys, and therefore the high levels of protein. It has been reported that DMSO can cause kidney damage.\[[@ref28]\] Therefore, the use of the solvent DMSO in the SNAP group also introduces another uncertainty as to the source of possible renal insult. It is, however, not certain how much damage the DMSO could have caused as the difference in urinary protein in the SNAPC group (3.3 ± 0.41 mg protein/mg creatinine) compared with the control group (2.3 ± 0.38 mg protein/mg creatinine) was not significant.

Partial reversal of growth retardation was observed in the GSNO group where the weight of the pups was higher than in the L-NAME group but lower than in the control group. On the other hand, reversal was observed in the SNAP group, where the weight of the pups was higher than in the L-NAME group and similar to that of the SNAPC group. However, when the SNAPC group was compared with the control group, it was observed that DMSO might have caused some interference with the weight of the pups as these groups were significantly different (*P* \< 0.05). There have been no documented reports of DMSO affecting the pup weight. However, as with the results observed for the level of proteinuria, it was observed that DMSO might indeed have an effect which contributed to growth retardation. This, however, is not for certain, so further investigations need to be done to confirm.

It has already been established that L-NAME causes growth retardation in rats.\[[@ref21][@ref27]\] This was observed in the L-NAME group which had significantly lower (*P* \< 0.05) pup weights compared with the weights of the pups in the control group. There has been no report, however, of the effect of RSNOs on pup weight in PE-induced rats. As observed in the blood pressure results of the RSNO groups where L-NAME was co-administered, the countering action of GSNO and SNAP was observed. It is suspected that the growth retarding effect of L-NAME is countered by NO which is released from GSNO and SNAP. Further investigations are required to determine the mechanism of action of these compounds in countering the effects of L-NAME in the reversal of growth retardation. Another important observation is the concentration of GSNO and SNAP compared with L-NAME (8 mg/kg BW to 50 mg/kg BW, respectively) and how effective the latter was in reversing the restricted growth at such a low dose. The effect of co-administering L-NAME and GSNO or SNAP at different concentrations could also be investigated.

In addition to the observed reduction in pup weight in the L-NAME treated animals, there were other observations, such as hind limb deformation, that were made. This is consistent with previously published reports.\[[@ref29][@ref30]\] Another important observation was that the pups from mothers treated with L-NAME died post-delivery, while the pups from mothers of the control and RSNO groups survived. The death of the pups of the L-NAME group could be as a result of poor lung development resulting from IUGR.\[[@ref31]\] Insufficient pulmonary surfactant levels could also explain why these pups did not survive. Pulmonary surfactant is a lipoprotein which is produced by type 2 cells in the lung. It is essential for normal breathing as it reduces alveolar surface tension, and its production is initiated in the third trimester of gestation in fetal lung. Insufficient surfactant production by the lungs can result in respiratory distress syndrome which is observed in premature and low birth weight infants.\[[@ref32][@ref33]\]

CONCLUSION {#sec1-5}
==========

It has been shown that the major symptoms associated with PE were induced in Sprague-Dawley rats by intravenous administration of L-NAME (50 mg/kg BW daily). These hallmark features -- elevated blood pressure, proteinuria, and associated IUGR -- were successfully induced. The classic symptoms of PE were partially reversed with the use of GSNO and SNAP; blood pressure was lowered and IUGR reversed. The high levels of proteinuria observed in these groups indicate possible impaired glomerular permeability which could result from glomerular capillary hypertension due to the presence of L-NAME. The failure of SNAP and GSNO to lower the level of urinary proteins requires further investigation. Based on the results obtained, the use of SNAP and GSNO in treating PE can be further explored.
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